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OSCILIATING PRESSURE VARIATION:

By August Wilhelm Quick and K. Schrédert

The calculation of the phenomsna within the boundery layer of hodles
immersed in a flow underwent a declslve developmsnt on the basls of
L. Prandtl®s trains of thought, stated more than forty years ago, and
by numerous later treatises again and again touching upon them. The
requirements of the steadily improving eerodynamics of airplanes have
greatly increased wilth the passing of tlms and recently research becams
perticularly interested in such phenomena in the boundmsry layer as are
caused by small external disturbances. Experimental results suggest that,
for instance, slight fluctuations in the free—stream velocitles as they
occur in wind tunnels or slight wavelilke deviations of outer wing contours
from the prescribed smooth course as they originate dus to construction
inaccuracies may exert strong effects on the extent of the laminsar
boundary layer on the body and thus on the drag. The development of
turbulence in the last part of the laminar portion of the boundary layer
is, therefore, the main problem, the solution of which explains the
behavior of the transitlon point of the boundary layer. A number of
reports in literature deel with this problem, for instance, those of
Tollmien, Schlichting, Dryden, and Pretsch. The following discussion
of the behavior of the laminar boundary leyer for periodically
oscillating pressure variatlon also purports to mske a contribution to
that subject.

The at‘liemp‘bs to calculate such phenomens as underteken in literature,
for instance, by Dryden and Pretsch, were based on the calculation method
by Pohlhausen. Very early separation phenomsns resulted for very slight
veriations of the exlsting pressure distribution; thus there came up for
discussion doubts uttered by L. Prandtl among others as to the admissi—
bility of the Pohlhausen method which, due to ite using only a single
parameter, was possibly not capable of fully embracing all phenomsna.

*"Verhalten der laminaren Grenzschicht bel periodisch schwankendem
Druckverlauf.” Ludwig Prandtl zum 70. Geburtstage, Schriften der
Deutschen Akademie der Luftfahrtforschung, pp. 247-255. (To Ludwig
Prandtl upon his TOth birthday, Publications of the German Academy for
Aviation Research), Berlin 1911-5

J’Ihe more detalled original report was published under the same
title as UM 1257.
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Since a method of Schroder recently described elsewhere permits a reliable
calculation of ‘the laminar boundary layer, 1t could be shown with the
ald of examples that the boundary layer actually 1ls very sensitive to
slight osclllations of pressure and tends easily toward separation.2

It was assumed for the calculated examples that the flow concerned
is the flow about e plate where the undulation starts only after an
initial plane section. After a portion with constant flow velocity U(s)
(as customary, let s &and n be understood as a system of generally
curvilinear tangential and normsl coordinstes) a sinusoidal U(s)—distribution
then sets in. The boundary layer calculatlon was based on dlmensionless
grantities, with the velocities referred to the constant free stream
velocity U, end the lengths referred to the length of the starting

distance L, beginning at the leadling edge of the plate.

Figure 1 shows the results of the calculatlion on an example with the
wave length A = 0.072 and tho maximum fluctuation in the U(s)—distribution
equalling-l/z percent. Although the velocity profiles were msasured
at the position s indicated numerically at each profile & clsarer
plicture was obtalned by groupling nelghboring proflles according to rising
or falling variation of U(s) as indicated by the arrows above each

group.

One recognizes from this example that the boundary layer overcomes
three waves merely by periodic deformations of the proflles; at the
fourth wave, however, a very weak reverse flow begins tc appear but
subsldes sgain upon increase of U(s), that 1s, upon pressure drop.
However, at the next wave the picture changes completely. A strong
roverse flow now appears which subsides only in the profile parts next
to the wall, whereas in the central proflle parts the reverse flow
becomes still stronger.

From this and further fully calculated examples we may conclude
that every undulation, even the weakest, in the U(s)—distribution finally
leads to reverse flow, 1f only the calculation ls cerried sufflciently
far. Flgure 2 shows the corresponding streamline pattern on which one
can see partlcularly clearly the setting—in of the reverse flow and also
the formation of a small vortex.

A few remarks concerning the physical Interpretation and thus the
guantitative evaluation of the calculatlon results are to follow. The
boundary layer actually proves to be extremsely sensitive to small
periodical osclllations in pressure. Strong variastions of the displacement
thickness are connected with it. Figure 3 shows the displacement thickness
for the example described compared to that for undisturbed pressure
distribution; the periodic variation and the considerable ampllitudes

2We' had the great privilege of several Interesting and stimulating
discussions with Prandtl on the subJject of this report.
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of the displacement thickness can be recognized. These poeriodic varilatlons
of the displacement thickness c¢annot contlnue without retroaction on the
flow since they obviously must be superimposcd on the wall undulation and
lead to a modification of the external—pressure distribution. This change
In the external—pressure dlstribution can, however, be avolded by
amplifying the wall undulation by the amounts of the boundary layor
undulation so that for each Reynolds number a new wall results. Thus a
boundary layer calculation ylelds, according to the selected Reymnolds
number, a series of boundary layer flows along walls of differont undulation.
In this sense figure 4 illustrates for the present example walls corre—
spondiing to Reynolds numbers R = 104, 105, and 106. Taken as a basls of
comparison, the effective wall, which corresponds to the U(s) dlstribution
for a potentlal flow, shows an undulation so weak that it is herdly
recognizable in the filgure. The flgure shows Turther that for small
Reynolds numbers a relatively strongly undulated wall is levelled by the
boundary layer, whereas for large Reynolds number a relatively weakly
undulated wall i1s equalized by the boundary layer. Hence it follows

that for a constant undulation and altered Reynolds number — for instance
veloclty increase — the boundary layer becomes less effectlive toward
equallzing the wall undulation and thus the effectlive undulatlion increases
with growing Reynolds number. The starting polnt of the roverse flow

on such a wall should, therefore, travel forward with incrsasing velocity.
The corresponding facts apply to the opposite case of a plane wall with
ogcillaiing flow. Hsre also the starting point of the reverse flow must
travel toward the front with increasing velocity when the oscilletion of
the free stream is held constant. Both behaviors agree with the test
experience. In the descrlbed manner one succeeds in obtaining data on

the behavior of the boundery leyer flow on undulated walls, in particular
on the setting—in of the reverse flow and thus of a vortex formation in
dependence on the Reynolds number.

One obtains a particularly instructlve picture of the boundary layer
flow by plotting the streamline pattern not in a rectilinear s, n system,
but — as in figure 5 — against the wall corresponding to a certaln R.
The undulatlon of the streamlines then resulting at the edge of the
boundary layer must correspond to the pressure distribution taken as a
basls, thus must be practically rectilinear In the present example.

This is being rather well confirmed. Furthermore one can recognize
with particular clarity that the flattenling of the unduletion takes place
in the immsdiate proximity of the wall which is shown by the early
smoothed—out course of the streamlines. One can also see that the
customary concept of the superimposability of a wall contour on the
displacement thickness is admlissible, since this flattening of the
streamlines hag been completed at a distance from the wall in the order
of megnitude of the displacemsnt thickness.



L NACA ™ 1228

In flgure 3 a comperison of the drag conditions of the undulated with
those of the plane plate has been performed which shows that in this
example a local drag meductlon of about 25 percent occurs; this reaction
is cauged by the fact that the reglons where the shearing stress is reduced
by the undulation compared to the plane plate outweigh the regions where it
is increasged. However, 1t 1s not advisable to utilize this effect in
other than reglons with pressure drop where there l1s no danger of a premature
boundary layer transition (caused by the undulation) to turbulent state.

The calculatlons and conslderations performed in a more voluminpus
report and given here in the form of an extract may be summarized in the
following concluslons:

1. The laminar boundary layer proves to be actually extremely
sensitive to slight varilatlons In the pressure distributilon, and tends
easlily toward separation.

2. The start of the reverse flow may be caelculated as a function
of the Reynolds number and the pressure osclllation; the retroaction of
the undulation of the displacement thickness on the pressure distribution
must be taken Into conslderation.

3. The results of the calculation, Iin agreement with test results,
lead to the interpretation that the transition of the boundary layer from
laminar to turbulent is caused by the onset of reversael flow followed
by a vortex formation which, 1n twurn, may be produced by fluctuation of
the free stream and by wall roughness. If & monotonously increasing
pressure rise exists, the point of transition, caused by additional pressure
ogclillation, will lle genersally shead of the separation polnt of the
laminar boundery layer which results by calculation with the undisturbed
pressure distribution.

Translated by Mary L. Mahler
National Advisory Committee
for Aeronautics



Flgure 1,- Distribution of the bomgary layar profiles.
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Distribution of the streamlines.
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Figure .~ Distribution of the displacement thickness, the momentum thickness, and the

shearing stress.
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Figure 4.- Distribution of wall undulation and displacement thickness for various
Reynolds numbers,
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Figure 5.- Distribution of streamlines at the undulated wall,
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